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Experimental realization of a single qubit SIC POVM on via a one-dimensional
photonic quantum walk
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Symmetric informationally complete positive operator-valued measurement (SIC-POVM) is one
important class of quantum measurement which is crucial for various quantum information pro-
cessing tasks. SIC-POVMs have the advantage of providing an unbiased estimator for quantum
states with the minimal number of outcomes needed for full tomography. We present an experi-
mental approach on a photonic quantum walk which can be used to implement SIC-POVMs on a
single-qbubit. The projection measurements of single-photons’ positions correspond to elements of
SIC-POVM on the polarization of single-photons.
PACS numbers: 03.65.Ta, 03.67.Ac, 03.67.Lx, 42.50.Dv, 42.50.Xa
Symmetric informationally complete positive operator-
valued measurement (SIC-POVM) is a generalized mea-
surement on a d-dimensional quantum state, which con-
sists of d2 subnormalized projection operators with equal
pairwise fidelity [1, 2]. In practical quantum state to-
mography, SIC-POVM provides an elegant description of
quantum states and is regarded as the most efficient and
optimal technique for characterizing quantum states. A
SIC-POVM can always be implemented with a suitable
coupling between the system and an auxiliary system and
by performing a projective measurement on the joint sys-
tem. Experimentally SIC-POVM has been realized on
photonic [3–5] and NMR qubits [6] which are allowed to
couple to ancillary systems and to interact and measure
jointly.
Recently Kurzyn´ski and Wo´jcik propose an idea [7]
that one-dimensional discrete-time quantum walk can ap-
proximate the von Neumann model that is extended in
time and for which the internal evolution of the measured
coin affects the evolution of the walker of the measuring
device. Since the idea of quantum walks originates from
the von Neumann model of measurement [8], in which the
change of the position of the walker depends on the state
of the coin that needs to be measured, one can naturally
extend the von Neumann measurement model to an ar-
bitrary SIC-POVM without the requirement of extension
of the Hilbert space.
A single step of an initially localized discrete-time
quantum walk [9–15] can be considered as a projective
von Neumann measurement of the coin qubit for the
walker is found in the position x = i corresponding to
the coin being in the certain state, i.e., the projection
measurement of the walker’s position corresponds to SIC-
POVM on the coin state.
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A qubit SIC-POVM corresponds to a set of projection
operators associated with the vertices of a regular tetra-
hedron circumscribed by the Bloch sphere. The choice
for the SIC-POVM is not unique since one can always
rotate the Bloch sphere but we may choose the projec-
tors corresponding to the set of vectors {ξi}4i=1 ∈ C2,
which satisfy |〈ξi, ξj〉| = 1/
√
3 for i 6= j. A POVM gen-
erated by the above vectors {1/2 |ξi〉 〈ξi|}4i=1 is so called
a SIC-POVM, and hence
∑4
i 1/2 |ξi〉 〈ξi| = 1 is satisfied.
In C2,
ξ1 =
(
1
0
)
, ξ2 =
1√
3
(
1√
2
)
,
ξ3 =
1√
3
(
1
λ
√
2
)
, ξ4 =
1√
3
(
1
λ∗
√
2
)
(1)
is a SIC-POVM, where λ = ei2pi/3 = (−1 +√3i)/2.
This single qubit SIC-POVM can be realized by using
a photonic quantum walk, where the information is en-
coded in the horizontal and vertical polarization of pho-
tons representing the quantum coin. A SIC-POVM on
the coin state can be implemented by controlling the in-
ternal dynamics of the coin state. In our experiment the
the internal dynamics of the coin is controlled by site-
dependent coin flipping.
Firstly we find four states which are orthogonal to the
states in Eq. (1) respectively and prepare the coin states
in the four states initially. Thus the algorithm starts with
four coin states as following:
|ψ1〉 = |V 〉 ,
|ψ2〉 = 1√
3
(
√
2 |H〉 − |V 〉),
|ψ3〉 = 1√
3
(
√
2 |H〉 − λ |V 〉),
|ψ4〉 = 1√
3
(
√
2 |H〉 − λ∗ |V 〉), (2)
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FIG. 1: (Color online.) (a) Experimental schematic. Detailed
sketch of the setup for realization of a qubit SIC-POVM via
a split-step quantum walk. Single photons are created via
SPDC in a BBO crystal. One photon in the pair is detected
to herald the other photon, which is injected into the optical
network. Arbitrary initial coin states are prepared by a PBS
and wave plate. Site-dependent coin flipping is realized by
HWP and QWP with different setting angles placed in dif-
ferent optical paths. The conditional position shift is imple-
mented by BDs. Coincident detection of trigger and heralded
photons is done via avalanche photo-diodes to yield data for
the quantum walk. (b) The detailed experimental setup for
the interferometer formed by the third and fourth BDs.
where |H〉 = (1, 0)T and |V 〉 = (0, 1)T are horizon-
tal and vertical polarization of photons respectively, and
〈ψi|ξi〉 = 0 is satisfied.
Now let us consider an algorithm for generation of a
qubit SIC-POVM via a split-step quantum walk. Here we
use a photonic set-up demonstrated in [16, 17] to imple-
ment a variation of these walks, the split-step quantum
walk of single photons, with two qubits of the coin states
encoded in its horizontal |H〉 and vertical |V 〉 polariza-
tion states.
HWP0 QWP0 HWP1 QWP1 HWP−1 QWP−1
step 1 − − −22.5o − 45o −
step 2 67.5o − 17.63o − 45o −
step 3 52.5o 45o − − 45o −
TABLE I: The setting parameters of the HWPs and QWPs
which are used to realize site-dependent coin rotations for the
three-step split-step quantum walk. The subscripts denote
the optical modes where the wave plates are placed and “−”
means no corresponding wave plate is used.
The polarization degenerate photon pairs are gen-
erated via type-I spontaneous parametric down-
conversion (SPDC) in 0.5mm-thick nonlinear-β-barium-
borate (BBO) crystal which is pumped by a 400.8nm CW
diode laser with 90mW of power. For one-dimensional
quantum walks, triggering on one photon prepares the
other photon pairs at wavelength 801.6nm into a single-
photon state in Eq. (2). The photon bandwidth is 3nm
determined with the interference filter. The total coinci-
dent counts are about 3.2×104 and the coincident counts
are collected over 60s. The probability of creating more
than one photon pair is less than 10−4 and can be ne-
glected.
The initial coin state in Eq. (2) can be prepared by
the half-wave plate (HWP) or quatre-wave plate (QWP)
right after the polarizing beam splitter (PBS) shown in
Fig. 1(a). For example, the initial coin states |ψ1〉 and
|ψ2〉 can be prepared by a HWP with angles set to θH =
45o and −17.63o, and the other two initial coin states
|ψ3〉 and |ψ4〉 can be prepared by setting angle of QWP
to θQ = −152.63o and 117.37o, respectively. The single-
qubit rotations realized by HWP and QWP are
RHWP (θH) =
(
cos 2θH sin 2θH
sin 2θH − cos 2θH
)
, (3)
RQWP (θQ) =
(
cos2 θQ + i sin
2 θQ (1− i) sin θQ cos θQ
(1− i) sin θQ cos θQ sin2 θQ + i cos2 θQ
)
,
respectively, where θH and θQ are the angles between the
optic axes of HWP and QWP and horizontal direction.
The quantum walk takes place on a one-dimensional
lattice and starts in the position x = 0. The walker’s
positions are represented by longitudinal spatial modes.
The down-converted photons are steered into the optical
modes of the linear-optical network formed by a series
of birefringent calcite beam displacers (BDs) and wave
plates. One step of the split-step quantum walk consists
of two sub-steps. In the ith step, for the first sub-step
site-dependent rotation on polarization of single photon
Ci1(0) ∈SU(2) in the position x = 0 is achieved by HWPs
and QWPs with certain setting angles placed in the op-
tical mode x = 0, and identity elsewhere. The subscript
1 denotes the index of sub-step, i.e. the first sub-step.
Then a polarization-dependent position shift operation
T =
∑
x
|x+ 1〉 〈x| ⊗ |H〉 〈H |+ |x− 1〉 〈x| ⊗ |V 〉 〈V | (4)
is applied on the photons with |H〉 (|V 〉) to the right
(left) by one lattice site using a BD. This is followed by
the second sub-step including site-dependent rotations
Ci2(1) in the position x = 1 and C
i
2(−1) in the position
x = −1 and identity elsewhere, and finally another po-
sition shift translation T . The ith-step quantum walk is
implemented by repeating applications of the step oper-
ator
Ui =T
[|1〉〈1| ⊗ Ci2(1) + | − 1〉〈−1| ⊗ Ci2(−1) (5)
+
∑
x 6=±1
|x〉〈x| ⊗ 1]T [|0〉〈0| ⊗ Ci1(0) +∑
x 6=0
|x〉〈x| ⊗ 1].
In this scenario a single-qubit SIC-POVM can be re-
alized via a three-step split-step quantum walk. For the
first step, the site-dependent coin operations are chosen
as
C11 (0) = 1, C
1
2 (1) =
1√
2
(
1 −1
−1 −1
)
, C12 (−1) = σx. (6)
3The site-dependent coin operators for the second step are
C21 (0) =
1√
2
( −1 1
1 1
)
, C22 (1) =
1√
3
( √
2 1
1 −√2
)
,
C22 (−1) = σx. (7)
Whereas, for the third step, we have
C31 (0) =
1√
2
(
e−i
pi
3 ei
pi
6
ei
pi
3 e−i
pi
6
)
, C32 (1) = 1, C
3
2 (−1) = σx.
(8)
Here σx =
(
0 1
1 0
)
is one of the Pauli operators. The
site-dependent coin rotations can be realized by HWP
and QWP with specific angles (show in Table I) placed
in certain modes.
After three steps, the states of the walker+coin system
evolve to
|ϕi(3)〉 = U3U2U1 |ϕi(0)〉 , (9)
where |ϕi(0)〉 = |0〉 |ψi〉 (i = 1, 2, 3, 4) denotes the initial
state of the walker+coin system.
|ϕ1(3)〉 = 1√
3
(− |4〉 − i |2〉+ i |0〉) |H〉 ,
|ϕ2(3)〉 = 1√
3
(|6〉 − e−ipi3 |2〉 − eipi3 |0〉) |H〉 ,
|ϕ3(3)〉 = 1√
3
(|6〉 − e−ipi6 |4〉 − |2〉) |H〉 ,
|ϕ4(4)〉 = 1√
3
(|6〉 − eipi6 |4〉 − |0〉) |H〉 . (10)
Compared to the initial states of the walker+coin system,
it is obvious that the final state |ϕ1(3)〉 can only be found
in the positions x = 0, 2, 4 and not in x = 6. The state
|ϕ2(3)〉 can not be found in the position x = 4, |ϕ3(3)〉
in x = 0 and |ϕ4(3)〉 in x = 2. Thus we realize all the
elements |ξi〉 〈ξi| /2 (i = 1, 2, 3, 4) of a qubit SIC-POVM.
For the site-dependent coin flipping, the challenge is
how to place the wave plate in the certain optical mode
and not to influence the photons in the other modes. For
example, in Fig. 1(b) for the second sub-step of the first
step, the polarizations of photons in the modes x = ±1
are rotated by a HWP with setting angle θH = 17.63
o
and θH = 45
o respectively and the photons in those two
modes interfere in the mode x = 0 at the fourth BD. Be-
cause of the small separations between the neighboring
modes, it is difficult to inset a HWP in the middle mode
x = 1 and avoid the photons in the neighboring modes
passing through it. In our experiment, we place a HWP
with θH = 17.63
o in both modes x = 1 and x = 3 follow-
ing by a HWP with same angle in the mode x = 3 and a
HWP with 45o in the mode x = −1. Thus the photons in
modes x = ±1 do not suffer an optical delay and interfere
with each other with a high visibility. The polarizations
of photons in the mode x = 3 are not changed after two
HWPs with same angle. The photons in the mode x = 3
do not interfere with those in the other modes, though
there is optical delay between them. Hence no optical
compensate is needed.
The conditional position shift is implemented by a
BD with length 28mm and clear aperture 10mm×10mm
which is cut so that vertically polarized photons are di-
rectly transmitted and horizontal photons move up a
2.7mm lateral displacement into a neighboring mode and
interfere with the vertical photons in the same mode.
BDs are placed in sequence. Based on the choices of the
coin operation parameters shown in Table I, only two
pairs of BDs, i.e. the first and second, and the third and
fourth BDs form an interferometer, respectively. Thus
these two pairs of BDs need to have their optical axes mu-
tually aligned in order to ensure that beams split by one
BD in the sequence yield maximum interference visibil-
ity after passing through wave plates and the next BD in
the sequence. In our experiment, we attain interference
visibility of 0.992 on average. Coincident detection of
trigger and heralded photons at avalanche photo-diodes
(7ns time window) with dark count rate of < 100s−1
yields data for the quantum walk shown in Table II.
P (0) P (2) P (4) P (6) d
|ψ1〉 0.3246(37) 0.3277(38) 0.3327(38) 0.0149(07) 0.0149(33)
|ψ2〉 0.3398(38) 0.3135(36) 0.0345(11) 0.3123(36) 0.0401(32)
|ψ3〉 0.0335(10) 0.3137(36) 0.3432(38) 0.3104(36) 0.0425(32)
|ψ4〉 0.3158(36) 0.0329(10) 0.3419(38) 0.3094(35) 0.0415(32)
TABLE II: The measured probability distribution of the
walker P (x) and 1-norm distance from the theoretical pre-
dictions are shown corresponding to four different initial coin
states. Error bars indicate the statistical uncertainty.
The realization of a qubit SIC-POVM via split-step
quantum walk in detailed are shown in Fig. 1. The
measured probability distributions of quantum walk af-
ter three steps are shown in Fig. 2. The probabilities
are obtained by the normalizing coincidence counts on
each mode to total for the respective step. The mea-
sured probability distributions of three-step quantum
walk for the four initial coin states agree well with the
theoretical predictions. Using the experimental distribu-
tion for the initial coin state |ψ1〉 as an example, the
probability of the photons are measured in the mode
x = 6 is 0.0149 ± 0.0007 and very small compared to
the probabilities of the photons being measured in the
other modes, which ensures that one of the elements of
a qubit SIC-POVM is realized successfully. In our ex-
periment, the inaccuracy of angles of the wave plates
and the unperfect interference visibility are the domi-
nant source of errors. We also characterize the quality
of the experimental quantum walk by its 1-norm dis-
tance [14] from the theoretical predictions according to
d = 1
2
∑
x
∣∣P exp(x)− P th(x)∣∣ shown in Table II. In our
experiment the small distances (d < 0.043) demonstrate
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FIG. 2: (Color online.) Experimental data of a qubit SIC-
POVM via a photonic quantum walk. Measured probability
distributions of the three-step quantum walk with the site-
dependent coin rotations and four different initial coin states
|ψi〉 with i = 1, 2, 3, 4 in (a)-(d) respectively. The blue and red
bars show the experimental data and theoretical predictions,
respectively.
strong agreement between the measured distribution and
theoretic prediction after three steps.
Therefore we experimentally prove that discrete-time
quantum walks are capable of performing generalized
measurements on a single qubit. We explicitly for the
first time realize a photonic three-step split-step quan-
tum walk with site-dependent coin flipping for a qubit
SIC-POVM with single photons undergoing an interfer-
ometer network. The SIC-POVM is confirmed by direct
measurement and found to be consistent with the ideal
theoretical values at the level of the average distance.
We use a very simple experiment to show the meaning
of the idea on implementation of a generalized measure-
ment via a discrete-time quantum walk proposed in [7].
In a quantum walk, the position shifts of the walker de-
pend on the coin state being measured. That is, a quan-
tum walk is based on projection measurement which in
the quantum walk scheme can be extended in the evo-
lution time. Furthermore as shown in the above exper-
iment, the projection measurement model can naturally
be extended to an arbitrary generalized measurement
without the extension of the Hilbert space. Moreover our
quantum walk interferometer network can be extended to
higher dimensions and the coin space can be extended to
a larger Hilbert space expanded by higher-dimensional
qudits. This technique can be used to realize a higher-
dimensional qudit SIC-POVMwhich is one of the flagship
measurements in quantum information processing.
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